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5ER,  K.  M,  kocbaryan,  15  1959) 

DiPtiorslon  of  waves  or.  nuclsons.  Under  definite  physical  con- 
ditions,  nexr^ely  at  svifficiently  high  densities,  of  the  substance,  Euf-  | 
jficiently  low  temperatures  (so  that  the  electron  gas  can  be  considered 
I  completely  degenerate),  and  sufficiertly  high  frequencies,  the  aisper-. 
Sion  of  electromagnetic  waves  takes  place  not  on  electrons,  but  on 
nucleons.  Under  such  physical,  cona,!,.tion3  the  phenomenon  of  hard 

Cerenkov  racliati.on,  inevitably  ariees- 

To  e,xplain  the  essence  of  the  vaatter,  we  shall  investigate  the 
dispersive  properties  of  a  medium  conEist,i.tig  01  xieutrons.  Let  us  cal¬ 
culate  the  index  of  refraction  cf  electromyjgnetic  vmves  for  each,  me - 

Idiuns  and  consider  at  which  frequenciss  and  densities  of  the  neutr^ons _ _ 

I _  _ _ _ — - - — - - - - — — '•— < 


I  the  dispersive;  propcrj;:es  of  the  "rill  be  deteri;;1nf;d  net,  by  the 

I  electrons,  but  by  the  lieutrons  (in  general  v/e  i^hould  rpeek  of  nucleons ; 
howevex'  the  number  of  protons  under  the  plvysical  condltlsms  whlca  in- 
cerert  us  is  small  in  comparison  with  rrinjber  of  nei^trons,  ari  hexice 
we  shall  be  abJ.e  to  speak  later  of  the'  latter;  however,  alt  the  ren- 
cluoicas  we  obtain  vrill  pertain  equ/uily  tc  protons  as  well). 

Kotwithst-anding  the  fact  that  neutions  aie  el  actr J  raxl  ?y  neutral, 
nonetheless  they  are  capable  of  dispersing  ^-nur^rita.  it  fact  it  is 
experimental  ly  known  that  can  be  absorbed  hy  neuti’cas,  giv¬ 
ing  rise  to  ncut'**al  an-d  negative  TT^^mesoiis,  This  is  the  knovn 

phen-omenori  of  photegeneration  tf  rreBcns.  On  the  other  hard,  every 

i 

vsyste-m  capable  ax'*  absorbing  e"*  ectroraghetic  radiatiori  must  oi  neceasi. -  I 

ty  disperse  them  also,  | 

i 

The  ability  of  neutrons  to  absorb  and  clispsrre  ele^'tr'  mayrie'' ic  j 

I 

waves  is  6  et  err  lord  by  “^rheir  eiecti^nriiayrietic  structure,  l,e.  ,  b\  the  I 

I 

existence  of  a  virtua.l  uesor  cloud  around  the  rivtclcon.  i/licn  photonr.  | 

i  t 

j  interact  v/ith  xieutrons,  both  virtual  aad  real  meronr  can  be  yenC'^uated.  \ 


[The  real  generation  of  mesons  produces  absorption  of  the  wnxve,  aud 
i hence  the  refractive  index  of  a  Hiediiim  consistiag  of  nei^trone  will  be 


a  complex  quantity, 


where  B  the  dielectiic  constant  of  the  medlam,  determines  the.  j 

1  i 

^absorption  of  the  wave,  end  n  is  the  rate  of  its  propag;atioTi  In  the  | 


2 
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medlutr;.  Ta.e  reletS oneteip  C/iJ 


,  .  ,  ,  2  f X  «i  (x)  , 

n{w)  ==  I  +  —  I  — J-l-I 

V  J  •—  to* 
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(2) 


■where  the  vinculum  indicates  that  the  integral  sho-uld  be  'oaken  in  tne 
sense  of  the  principal  value,  exists  between  the  reel  and  imaginary 

portions  of  the  index  of  refraction. 

Let  be  the  total  crosa  section  of  pbotogeneration  of 

mesons.  Then  the  coefficient  of  absorption  of  S’-cjmnta  in  a  neutron 
substance  is  eguJil  to  'ui  is  the  number  .’cf  neutrons  in  a 

unit  of  volume.  On  the  other  hand,  this  coefficient  of  absorption  is 
equal  to  2  CO /c  consequently 

cN„  3(<o) 
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j  At  present  there  is  no  sccurate  theory  of  photogeneration.  In 

I  reference  2  a  phenoisenologi cal  theory  was  constructed,  based  on 
jtfae  by^,othcsls  £3,  of  the  existence  of  an  i sober ic  state  of  a  nu¬ 

cleon  with  quantum  numbers  I  ^  3/2  and  T  3/2  (I  the  total  moment 
of  inertia  and  T  is  the  total,  isotopic  spir/)  and  with  the  resonance 
level  E,  35-  15h  mev.  At  uref-eut  this  hirpothesls  ba-s  been  confiniisd 
by  experiments.  In  addition,  the  experiments  indicate  the  presence 


3 


of  two  other  isoharic  states  (3/2,  1/2)  end  (3/2,  5/2),  with  higher 
leve].e  of  the  energy  of  excitation.  Tn^  diapeisior.  forinula  of 
Gell-Mann  and  Watson  satisfactorily  describes  the  e.xT>€rin:ental 

\  data  up  to  an  energy  of  ^00  mev.  However,  It  has  an  ^.m^'^ie'^.dy 

i 

and  is  nncuitable  in  the  sense  of  its  application  for  calculation  of 
n  (  j  • 

We  shall  proceed  from  the  experimental  curve  ol  photogenera¬ 
tion  of  TT  ^-itaRons  on  protoiis,  depicted  In  Fig.  1.  This  curve  lias 

" 

two  ma:d.ma:  tho  first,  very  sharp  and  well  defined  at  h  f<0  320 

inevy  corresponds  to  the  fjrst  irobar  of  the  nucleon  3/2,  3/2,  while 
the  second,  weakly  defined  and  broad  at  E  *^^  700  nev^  corrospondc  to 

the  Isoha-^  3/2,  i/2. 


Fig.  1 

As  we  move  to  the  center  of  a  star  the  density  of  neutrons  in¬ 
creases  and  according  to  condition  (l)  the  region  of  appllcabilj ty  of 


h 


taking  the  index  of  refraction  in  the  direction  of  high  energies  of 


the  quante  correspondingly  hroadans.  In  the  limiting  case  we  are  deal¬ 
ing  with  the  nuclear  density.  The  average  distance  between  particles 
in  this  case  is  equal  to  h,//5#..e  (^-is  the  mass  of  the  ^-meson)  and  the 
corresponding  limiting  energy,  of  the  photons  should  be  cf  the  order  of 
150  Bsev.  Hence  we  should,  speak  of  the  index  of  refraction  of  a  neu-  i 
tron  substance  only  at  energies  of  the  qmnta  of  ^^<^150  In 

this  energy  region  0,  while  the  principal  maxlraum  of  this 

[function  ie  located  at  an  energy  two  times  in  excess  of  150  mev.  It  Is 
[clear  from  this  that  inaemuch  as  the  frequencies  h£.«i  150  aiev  are  of 

interest  to  us,  then  to  determine  n  iti})  a  detailed  picture  of  the  de¬ 
pendence  of  on  pO  will  not  be  necessary.  Hence,  as  a  good  ap¬ 

proximation  we  can  replace  the  true  c’U've  of  Pig.  1  by  the  broken  line 
shown  by  a  dotted  line.  Here  the  dotted  line  is  selected  in  such  a 
way  that  the  araa  formed  by  it  ■with  the  x  axis  approximately  coincides 
with  the  area  ;forrned  by  the  experimental  curve.  Let  us  further  assume 
that  the  cross  sections  of  photogeneratioa  of  smd  -mesons  on 

protons  are  approximately  equal  (which  actusilly  is  approximately  the 
case  ^'5,6  ^ ) }  s-Kd  that  sections  of  photogeneration  on  neutrons  and 
protons  are  also  equal.  Thus  for  ^(oJ)  it  is  assumed  that 


io  npH 

15  pM 

I  Hih^  ^ 

(Cg  UpH  w>«*; 
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where*  5  •  10*^^.  c/';  s  0.5?  -  crc^:  i=  3-7  *  10”^  le 

the  frequency  cori'esponding  to  an  energy  of 'the  photons  of  ?if0  me-/; 
and  finally  ^^2  "  6.1  •  10^“  Is  the  same  thing  for  an  energy  of  hOO  mev. 
Suhetituting  (5)  into  (h)  and  performing  the  integration,  wt 

ODtaln 

i  -a*±-- 1„  rotr-.  (6) 

1  rrij  u)j  —  m  7*.t*>  iM|  —  40 


here,  aseuraing  iii'<5<i£^l(lct'\is  recall  that  Eelocfion  of  the  index  of  re- 

oQ 

fraction  in  the  limiting  case  of  nuclear  dens? ties  ^10^^  was  limited 
"by  the  energies  of  the  nuanta  Et<-J^^150  mev,  vtllc  ^  2k0  mev),  we 

ohtaipx 

K*  (J) 

1C  \  a>.  <*>2  ' 

iThirs  the  dielectric  constant  of  a  neutron  Buhstance  Is  practically  In- 

I 

I  dependent  of  the  frequency  and  differs  very  little  fron  one. 

I  In  order  to  explain  in  the  final  calculation  by  which  the  dis- 

■persive  properties  of  the  mediiim  are  determined:  whether  by  electrons 
I  or  by  neutrons,  (7)  should  be  compared  with  (?2).  The  dispersion 


- — ™  ~ - - w^>l, 

3  45)^ 


vh.Gr€i  till©  in»^x  rcf'Grs  t-o  uug  slGctron^i  .Vror*  \c;^>)p  suoj?uj. txit-ing 


the  value  of  ve  find 


rfiNnyOM-^^ 


Proceed 5* :og  from  this  formula^  ve  can  6i7.pl ain  vhat  possibilities! 
exist  in  the  case  vhen  the  electronic  gas  is  not  fully  degenerate. 

First  let  us  consider  the  case  when  a  nucleonic  gas  is  not  degenerat^e, 

I  In  ordtiT  for  the;  cilspei^^sion  of  the  vaves  to  he  det^irtnined  oy  electrons 
I  according  to  (30)'^'  am  (9)^  w  sboiila  have 

N'i-ap  (y  w;'-)<3-6'l0'’(^'y' 

«sc-"  ^ 

where  the  following  notations  have  been  introduced:  h4>o'~  2  tse  a  — 
We  Eho-uia  also  'be  concerned  about  the  fulfillment  of 
condition  (l)}  i.c«  ^ 'ihuc,  ss  an  example  of  the  fact  that 

equation  (lO)  can  be  f-alfilled  when  Hg  obtain 

1.7  *  (foj  o/tu)'^.  This  inequality  is  satisfied  if  we  take  | 

Uo)  ve  ob¬ 
tain  K_  4.U  •  10'^^  (u>o/h>>')^.  Frcr.  the  examples  cited  we  can  see 

1/0 

that  under  the  condition  aAf  K^,  '  ^~13  the  process  e  4-  e” IT 

*  See  Report  I,  DMArmSSB  (Reports  of  the  -A.S  Arm  8SR),  Vol.  XXX, 
No.  1  (i960).  ■  ‘  ^  j 


7 


witli  partied p.-iti.oT'  c>ie  reiiu.:!  is  en+.irf'ly  po'’-sib'i.e ,  v;hile  at  lover  j 


terperatvrer,,  vher  T  <  k/I';  Wo  ■  ,  this  pronea:';  1::  i:npc.’eib '!  e  >  Unc or  | 

^  ^  j 

the  name  ph;y steal  condlvl ons ,  vher  ohe  proresr"  e  e  In  pos5"bin,j 

-f  -  i 

tae  reverse  process  C  e' 4  e**  Is  :^^crbidnen  Ly  Persia  h.,  TDrdnvlple;  ! 

} 

hovevr.r  it  takes  place  r.s  coon  a:  free  spneen  appear  In  the  propaga- 
ttorj  of  electrons  on  eccouct  of  var..ruo  porslMe  prrcen&es* 

The  dispersion  v;lll  he  deten^inee:  by  ncutionn  ^r:ien 


V(rj 


Here  cn  the  left-hand  side  the  condition  of  opn] icidn.li.ty  o: 

i/3  ■"  j 

ta>:ing  the  medium  is  written.  Tie  ripht-hard  rldr  is  tie  ! 

^  ^  r  I 

cor.dltioii  (y),  with  (30)  also  tahen  into  ronrlderation.  is  on  exev.,-.  j 

I  pie  let  us  again  tr.ke  a/T  '*  "^-15  (the  conclt'.on  of  deyon  ra ':lo:i  of} 

j  ! 

I  the  electronic  gas);  then  we  obtain, 

f  N. 


1 ,2  •  10"^  (  U- )  -<1 ,3  •  10’^  O2  <  //. 

\Ne  /  \  <0  / 


(ir) 


Here  the  le-^t^harid  side  of  the  ine;qunHoy  is  artorat-i cal  ly  fulfilled  | 
V'her’  the  right-hand  s''=de  is  fulfil  led.  ( 1^  ‘ )  is  fuifilled  irn:n  >"  | 

P&  I 

1*4  ^  10  arh  ti-h5r^  the  tenpereture  of  the  corrosoond inp;  re¬ 


gions  of  the  star  will  here  be  io'^cegrees.  Fonre  vber.  a/T 


^  See  'R'-vorl  I,  DAFAnrSSB  (feporus  of  che  AS  Arin  S3F),  Vol  *  hXX;! 

Fo.,  1  (196c).  I 
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15  aisdt'iJ^e  7^Jo,  tlit  dispernlr.'n  of  waves  is  detei'minea  by  neutrons, 
wh.lle  at  freqixencies  lover  t'ii.'in  Ys^-^q  Is  tii* tens; need  ty  electronfi. 

In  the  case  when  the  trozieorxic  gas  ic  b1ss:>  degenerate,  the  den- 
Isit.v  of  the  electrons  depends  conparatlvely  weakly  on  the  density  of 
[the  neutrons,.  Whsn  10"^^’,  we  nave  kj, bhg'  ^  ‘ky».A,}g, 
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and  ( 

9),  the 

dispersion  is 

determined  by  neutronp  -men 


N,  >2.4 . 1  &•'«  -V  [  -f •  ^ 

V  1  V  ,An/  j 


where- ni  •"•  (aonditior  (12),  sn  alwsy&,  should  be  acccn.panied  by 

! 

tha  conditi.on  of  applictibility  of  selecticm  of  the  wediutfi,  i.e.  a>  j 

..  1/3 


See  Beport  I,  i)AKArraS3R  (Reports  of  the  AS  Arm  SSR),  Vol.  XXX ,j 
Ho.  1  (i960).  I 


o 


*riia  r3isi.erLion  of  wavee  lb  deteririvjecl  by  elert.rons  i 


A«<2,4*10“-1-  ---4-/. 


(  ^!L 

/ 


I  Lot  MB  recall  that  here  the  cf  the  eiectronp  i?  determirecl  by  j 

formula  (32M.  As  we  sea,  when  10^^,  the  process  ^ e*  | 

1 

3^  3  1 

car:  proceed  only  r.t  the  threshhold ‘energy^  vhilo  when  Kj.^  ^  10'^  crri  j 
the  necessary  and  sm'flcieut  (of  coarse,  cons? deration  of  the  condi*-  | 

1/3  j 

tiontO^  cHg  '  is  necessary)  conditions  for  performance  of  tints  pro-  \ 
ceas  already  exist*  j 

Hard  Cerenkov  radiation.  On  the  basis  of  the  material  cited  in  | 
the  preceding  section,  ve  come  to  the  ccncliis'on  thet  at  a  given  den¬ 
sity  of  the  substance  a  certain  limiting  fx^eiuency  exists,  so  that 
/when  frequencies  are  higher  than  it,  dispersion  of  waves  is  determined 
jno  longer  by  electrons,  as  vras  the  cese  uxitll  then,  bat  by  neutrons. 

I  According  bo  (?)  .at  such  frequencies  the  refractive  index  is  greeter 
I  than  one  and  practically  has  a  constant  valve,  independent  of  tnr  fre- 

jquercy.  Inasmuch  as  the  refractive  ind^x  of  the  medium  is  greater 
! 

I  than  one,  it  is  clear  that  in  such  a  mediuu  charged  pcxcticles  moving  j 
jwith  a  velocity  exceeding  the  phase  velocity  of  light  will  em-'t  | 

I  Cerenkov  radiation.  According  to  the  conditions  (l)  anu  (9)  only  | 


^  See  Bepert  I,  DAFArirSSF  (Feperts  of  the  AS  Arm  SSR),  Vol .  TKK 
No.  1  (19^>0). 


m 


quEnta  Ktitisfyisg  the  isi equal  vty  ^  ^ 

i.  W  lilf^<hm‘<ckN‘J\  I 

ceu  be  er!;ittsa.  Ie  this  energy  interval,  the  distribution  of  the  nu®. 
ber  of  q'lanta  accordiiag  to  their  energies  is  uniform.  Acqord-tng  to 
^32)*  the  Cerenkov  effect  appears  at  energies  of  the  particles 

where  Me"  is  the  intrinsir-  eriergy  of  the  particle. 

In  the  case  when  the  nucleonic  gas  is  ?i©ndegcnerate,  the  rela~ 

* 

tlonship  between  the  densities  Kg  anrl  Un  is  given,  by  formula  (30). 

Ab  an  illustration  let  us  take  &/T  %>  ™  iO;  then  irom  (1^)  when  | 

(l.e.j,  2.2  ’  10^^)  we  find  that  20  <  h<jijfe28  tnev,  vfhile 


j  "n 

33 


when  K  =  k.5  ♦  10^^  (i.e.  %  we  have  lO-^-'  hoa  ^100  ffisv. 

© 

In  the  case  when  the  nucleonic  gas  is  also  degenerate,  the  rs- 
latioaship  between  !%  and  In.  is  determined  by  formula  (32’)-  kor 
this  case  (ih)  takes  the  follov'ing  forra. 


\~  '^7.  ( 

!  I 

1  ^  ^ 

f  J 

From  this  we  find  that  the  density  of  tfc,e  neutrons  should  be  Ejj 
S^IO^.  When  *“  10^^'  cm”3^  we  have  from  (ik*)  13 h£*-J^.20  msv. 


See  Report  I,  BAITArmSSR  (Reports  of  the  .AS  Arm  SSR),  Vol.  XXX, 
So,  1  (i960). 


"bile  wbeu  1S. 


.10'  ve  obtain  1 .6 -<1  h(J/~10C  me/. 


"Pie  results  obr-Einej}  above  can  be  summarized  Ihun. 

1.  In  this  paper  the  dispersive  properties  o,f  a  melilua  at  ex- 
tremely  high  densities  and  temperatures,  and  namely  approx imately  un¬ 
der  such  physical,  cenditiens  as  can  erist  iri  white  d'rarfs,  have  been 
in/es  ti  gated . 

If  the  electronic  gas  is  not  degenerate  (which  seems  rather  im¬ 
probable  to  uf),  then  the  refractive  index  of  the  medium  depends  on 

*•  * 

the  temperature  end  is  expressed  by  fc^rmula  ($6).  At  electron  'denei- 
32  »■? 

tien  ..?&  10  cm  ,  processes  of  single  photon  arnibileticn  end  gen¬ 
eration  of  electron  pairs  will  take  place  in  the  medius!. 

2.  If  under  the  physical  conditions  considered  the  tempera- 

,twes  are  so  low  that  the  electronic  gas  is  degenerate,  then  when  the 
condition  W  Kj^  ^  10  is  observed  (Nj,  is  the  density  of  the 

neutrons),  the  dispersion  of  the  electromagnetic  will  be  deter- 

i 

jrainec;  by  the  electrons.  I’he  inaex  of  refraction  in  this  ca'^e  is  de- 

;  ^ 
jterialned  by  formula  (22). 

i 

^  3-  If  the  electronic  gas  is  dogenernte,  while  the  nucleonic 

gas  is  not,  then  the  relationship  between  the  densities  of  the  nenti’nn, 
land  electrons  is  determined  by  formula  (30).  In  this  cose  under  def¬ 
inite,  completely  fulfilled  conditions,  namely  when  condition  (lO)  is 


*  See  Report  I,  r,ANArniSSH  (Reports  of  the  AS  Arm  SSR),  Vol.  Xl'iX, 
lo.  1  (lo5o). 
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tween  the  oeissitieB  of  the  electrons  and  neutrons  is  detertriined  uy 
.formula  (32’)-*  the  density  of  the  electrons  does 

not  depend  oa  the  density  of  the  neutroiis  and  has  a  constarxt  value, 
equal  ap'proximately  to  1.5  "  Here,  oDvlously,  the  processes 

^  y-#-e“  with  participation  of  the  medium  are  impossihle,  or  if 

possihle,  i'liSR  only  at  the  ttireshhold  enei'gy  2  tiic  •  At  aeufci-* 

ties  of  the  neatrons  10"^''  cnr',  the  density  of  the  electrons  he* 

gins  to  Increase  with  an  increase  in  Njj,  and  thj  s  process  will  lake 
place  with  pfirticipation  of  the  mediutr..  The  conditioas  for  the  exist 
ence  of  this  phenomenon  are  determined  h'y  formula  (13). 

k.  When  the  electronic  gas  is  degenerate,  then  at  compsrative 

f  .  ^0^/3 

ly  high  densities  and  wave  frequencies  lO"'  Ng  ,  the  dis¬ 

persing  properties  of  the  iriediui'!!  are  determined  not  oy  the  electj’ons 
but  by  the  neutrons.  TIjo  essential  wave  frequencies  and  neutron  den¬ 
sities  St  which  this  takes  piece,  in  the  case  of  a  xiondegenerate  nu¬ 
cleonic  gss,  are  determined  by  condition  (ll),  ’/■dille  in  the  case  of 

degeneration  —  by  conditioji  (12). 

5.  In  the  case  vrhen  the  diKpcrsicn  of  waves  is  ceterfriineci  oy 


^  See  Report  1,  DAIhirTnSS-R  (Reports  01  the  AS  Am^  SbR),  Vol. 
Ixxx,  No.  1  (i960). 
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Inautrors,  the  ir'ier  of  ref  re  ct^  on  of  the  jnedieju  \b  create'*  tha.n  ore 

!  and  is  dstsmineci  by  i'oruula  (?).  fe.t  tbia  m-^ans  tlmt,  if  the  cterKed 

I 

j  particle  moves  irs  sisch  a  with  a  velocity  arcording  the  ptr  se 

f  velocity  of  Hgbt,  then  it  vHJ  enit  and  absorb  7  Cerenkov  i-adia- 
I  tioi».  The  spsctriiid  of  Ctreukov"  radiation  is  detcrsdned  by  forsala 
;  (!■!•).  In  the  case  of  a  degenerate  nuclecnic  gas,  the  erergie?-  of  the 
i  qmrta  are  detarvaned  by  condition  (14*). 

In  coi.clnsicn  I  shall  eziprcss  ®y  tho,nk3  to  asademicien  V.  /. 
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I  Affihartsnriwan  for  his  voluabie  cemments,  and  aioo  to  N.  Kocbar’fan, 
|I.  I.  Ool*diaa,n,  G.  K,  Canibyan,  and  A.  Ts  Amatun*  for  their  nv<JJierouo 
1  discussions  and  thoir  manifastation  of  interest,  in  the  irork. 
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